Introduction
According to the Intergovernmental Panel on Climate Change (IPCC), global warming is due to greenhouse gas emissions (mainly CO 2 ). For ADEME 1 organization in FRANCE, building sector represents around 25% of CO 2 emissions and approximately 45.8% for the total energy consumption.
Usually, the total primary energy requirements in the building sector is used for heating and airconditioning to reach thermal comfort. Technical solutions consist in using thermal insulation and new technologies to store thermal energy in order to enhance the thermal inertia. One of possible option is to use phase change materials (PCMs). A phase change material can be defined as an organic (or inorganic) compound, able to store and release the thermal energy under latent form when it changes from one physical state to another at a nearly constant temperature. In building applications, the phase changes from solid to liquid or from liquid to solid. Several investigations have been conducted by many researchers for different applications and in many countries, except until now at Reunion Island.
Reunion Island is part of the French overseas departments, characterized by a tropical and humid climate, with a strong solar radiation in summer. Despite being an ideal location for experimentations on building materials under extreme conditions,, few experimental studies have been conducted about integrating PCMs into building envelopes, in particularly the roof. The roof is the most exposed part to solar radiation during daytime and is responsible of the inside air temperature increase in buildings.
One of possible solution to avoid overheating during summer is to add insulation to the roof or to use radiant barriers (RBs) as stated in [1] .
Instead of blocking heat transfer through the roof, another solution is to increase its thermal inertia using PCMs. To illustrate this statement, a chosen phase change material was installed in the roof of a full scale test cell, with the presence of an upper air layer in order to take benefit of its reflective surfaces.
Its characteristics were chosen to have both an interesting latent heat and a phase change temperature corresponding to the range of the experimental sequence.
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In this article, the statement of the physical problem is described in details, and more precisely the relations describing coupled heat transfers. A comparison between numerical solutions and experimental data is illustrated, corresponding to the first step of the validation process of the thermal model. Then, a sensitivity analysis is presented in order to identify the most important parameters that influence the thermal model results.
Thermal modeling of PCMs integrated in a building simulation code
Presentation of the building simulation code ISOLAB
ISOLAB was developed by Pr. F. MIRANVILLE during his Ph.D thesis [2] . It is a building simulation code able to predict energetic behavior using numerical simulations, and developed with MATLAB platform. ISOLAB is based on a nodal description of buildings with a one-dimensional modeling of the thermal phenomena arising in the walls and zones comprising the building. It is able to simulate the temperature and flux fields of monozone and multi-zone buildings according to its location and climate. Usually, ISOLAB is dedicated to test models before integration in the building simulation software CODYRUN, developed and distributed at the Physics and Mathematical Engineering Laboratory for Energy and Environment of the University of Reunion [3, 4] . The building thermal model used by ISOLAB is based on the discretization of the transient heat transfer equation (1) :
Where: {
The building is decomposed into walls that contain several nodes. For each node, the transient heat transfer equation is discretized using the finite difference method [1] . This discretization leads to a matrix equation system that describes the transient heat transfer equation of each node. Finally, the matricial system obtained can be written in the form:
With: The evolution of the building temperature field is obtained by solving the equation system (2) for each time step of the meteorological database of the environment where the building is located. The temperature field at time step is obtained by using the following relation:
ISOLAB code wasn't able to model PCM walls before this work. For this reason, the PCM numerical model presented in this paper was developed and integrated to ISOLAB. To successfully integrate the building simulation code, the PCM model was elaborated respecting the state system formalism and using a backward Euler scheme. Next paragraph will present the thermal model of PCM.
Thermal modeling of PCMs
Among thermal models of PCMs in the literature, we chose the apparent specific heat capacity method [5] . The main advantage of this method is to allow non-tracking the interface. Furthermore, this method is in accordance with the formalism of ISOLAB equations and, from the literature, good results have already been obtained using it. In our approach, the mathematical formulation presented is based on some assumptions, such as:
(H1) All heat transfer modes are one-dimensional and taken into account for each wall of the building, also including PCM panels ;
(H2) Thermal properties of PCMs are considered not constant ; (H3) The combined effect of radiation and convection in PCMs are neglected ;
(H4) The specific heat capacity C p is supposed known for each phase region, particularly during the solid-liquid phase change, and considered as a constant value being given by DSC (Differential Scanning Calorimeter). However, its evolution is supposed to be unknown during 
H refers to the enthalpy and is defined by:
H can still be written in terms of solid fraction :
Where: { By replacing H by its expression in (4), the final expression of transient heat equation is [6, 7] :
With: { ( ) ( )
Expression of the solid fraction
In the literature [6, 7, 8, 9] , the solid fraction is defined through the Heaviside function :
At , the derivative of the Heaviside function tends to infinity. The expression of used solid fraction is based on an approximation of the Heaviside function obtained by the approach of the sigmoid function [7] and is defined by:
is the temperature range over which the phase change occurs and chosen often very small in order to ensure phase change at a given temperature. Usually, is taken equal to 1 [6] but this parameter looks like a non-dimensional velocity of phase change and its value must be determined in order to observe the real phenomena. Different values of was used and presented in [7] . Furthermore, the expression of the equation (7), when tends to infinity corresponds to Heaviside function, but in physics this one must be finite. This parameter will influence on the derivative gradient of the solid fraction. Its maximal value is evaluated during the phase change at . For a given phase change interval, we have the following process [9] :
This maximal value must be determined to ensure the maximal latent heat. Therefore, the latent heat value from DSC analysis will not be underestimated or overestimated. In our case,
Numerical methods
The phase change problem is solved by finite difference method and using a backward Euler scheme. is the temperature at the node and at the time , where the space step and the time step are taken as constant. The temporal partial derivative term is given by a first-order scheme:
The space partial derivative term is approximated as follows:
According to an implicit scheme and by applying the finite difference method on the transient heat transfer equation, we have a discrete form as follows:
With : 
It should be noticed that the presented thermal model has already been compared to analytical solutions (cases of infinite and finite domains) from literature and from COMSOL software for simplified cases [7, 9] .
Statement of the problem and boundary conditions
The considered physical system is a complex roof integrating PCM panels. A new type of configuration is suggested to allow the charging and discharging process of energy in PCM (see figure   1 (a)). Usually, the charging process corresponds to transition from solid to liquid and is called melting.
During this phase, energy is absorbed. At night, PCM discharges the energy stored during the sunshine hours and its phase changes from liquid to solid; this part corresponds to the solidification phenomenon. Between the corrugated iron of the roof top and the ceiling, an air layer is installed. The complex roof assembly is based on previous works of the laboratory of typical complex walls including radiant barriers (RB) [2, 10] . In our approach, the air-gap is not ventilated and the test cell is divided into two zones by the ceiling, as showed on figure 1(c). The corrugated iron was painted with a dark blue color, allowing reaching extreme solicitations on the outer surface of the complex wall. Solicitations are due to forced convection (wind effects) and radiation. On the inner surface of wallboard, the convection was considered to be natural. 
With:
is calculated by a correlation as follows:
Where: { Finally, we have:
For the monozone case, at and making the assumption that the shortwave radiation is neglected (solar radiation is unable to get into the test cell) [9] , the energy balance for an interior surface of a zone is written as follows:
is determined as the equation (19) correlation. The discretized equation is:
However, at , { } system is a specific wall because it is an interzone or a partition wall between two adjacent zones. Indeed, on one hand it will be considered as a suspended ceiling (zone 1) and on the other hand as a floor (zone 2). So, the energy balance from equation (21) is:
Assuming conductive heat fluxes defined as follows:
For a good integration of the PCM model and a successful coupling with ISOLAB, some points should not be forgotten, such as:
1. To take into account convective exchanges inside the air-gaps by integrating a thermo-convective energy balance for each air-gap;
2. To take into account convective exchanges inside the building by coupling the conductive model of PCM wall and the thermo-convective energy balance of the zone where it is installed; 3. To link the conductive model of PCM wall with the radiative energy balance of the zone;
4. To take all boundary conditions of specifics walls and others.
The coefficients due to the radiation exchanges noted and for the two zones are unchanging and equal to 5 W.m -2 .K -1 , which is a mean value from the work of [2] . On the outer surface of corrugated iron, the coefficient due to forced convection effect is taken into account by using the local experimental correlation that was developed by MIRANVILLE [2] :
for a windward wall
For the first simulations, as we wanted to evaluate other convection coefficient values without correlations, the constant values given by the following Table 1 were used (see [2] ): 
Description of MCPbat in ISOLAB code environment
The thermal model developed is called MCPbat [9] . MCPbat is able to predict the thermal field of PCM panels integrated in building envelopes and was coupled with ISOLAB code. The addition of the PCM panel model to ISOLAB is made like a complex multi layer wall. A complex wall can be defined as an assembly of materials, separated by one or several air layers [2] . MCPbat offers a detailed description for each PCM components of building envelope in order to calculate the building thermal field. If PCM panels are integrated into the building envelope, all of their properties are described according to thermo-physical and geometrical parameters, as well as the type of integration. In fact, the PCM model considers every kind of possible integration as represented on the figure 2. The PCM model has the advantage of being completely generic from a thermal point of view. By using a meteorological database associated to the building physical and structural description, the simulation can be run. During the simulation, when the ISOLAB code detects a PCM panel installed on the building, MCPbat is used to generate the matrix describing thermal exchanges through the PCM panel.
This matrix is added to the traditional matrix system of the whole building [1] .
After assembly of the PCM matrixes with the building matrix generated by ISOLAB, the final equation for the whole system is :
This equation is solved as described in equation (2). Even if the ISOLAB code was already validated with well recognized methods like those of the IEA BESTEST (International Energy Agency for Building Energy Simulation Test) [2, 11] , the PCM model (MCPbat) required a validation step. This validation was made by using an experimental study on a full-scale outdoor test-cell integrating PCMs.
As PCMs are distributed under a flexible sheet form, their integration was made as a component of the suspended ceiling [9] .
Experimental study
The experimental platform
The experimental platform has been set up at the south of Reunion Island, more precisely at the On the experimentation platform, two meteorological stations are also installed allowing to precisely collect meteorological data near to the experimental devices. The two meteorological stations allow to control the quality and validity of the obtained data.
The different test cells on the experimental platform are oriented facing the geographical north in order to receive symmetrical solar solicitations during the day. No shading occurs from one test cell to another, in order to ensure that interactions between the cells are negligible.
Details of the LGI test cell used for the experiment.
The LGI test cell can be considered as a typical room of a building. It has an interior volume of about 30 m 3 and is designed with a modular structure, which allows testing several configurations and physical phenomena. It features opaque vertical walls, with blind-type windows, a glass door and a specific roof containing PCMs. The details of the arrangement of the LGI test cell are given in Table 2 . All glazing from the windows and the door were masked as depicted on figure 3 [9] . Roof is inclined at 20° to the horizontal representing the angle of inclination frequently encountered in Reunion Island.
Instrumentation of LGI test cell
The LGI cell is equipped with many sensors, located in the two zones. The sensors located in zone 1 are thermal ones placed at each side of each wall (north, south, east and west) and the interior air volume is monitored at three different levels from the floor to the ceiling, in order to put in evidence the effect of air stratification. To determine the boundary conditions from the floor, thermocouples are sealed in the concrete floor of the LGI test cell. Some thermocouples are also inserted in an aluminum cylinder for air temperature measurements and in a black globe to measure the radiant temperature. The same type of thermocouple is also placed on both side of complex roof (type T).
Before using each thermocouple, they have been verified and calibrated on site. The other sensors were also verified by the supplier. Generally, the accuracy from the thermocouples is approximately about °C and the accuracy of the heat flux meter is 5%. To avoid air bubbles during installation and resulting errors, a conductive heat paste was applied on the surface of the flux meter.
To collect data, all sensors was connected to a datalogger (Campbell Scientific CR23X) located in the LGI cell. Every quarter-hour, the data were collected and saved on a dedicated computer.
Description of the tested PCM
PCM tested is the commercial product from Dupont™ Energain®. It is a flexible sheet of 5 mm thickness constituted of 60% microencapsulated paraffin wax within a copolymer laminated on both sides with an aluminum sheet. Its characteristics are summarized in the following Table 3 : 
Climatic data and experimental sequences
Two meteorological stations were set up on the area to collect climatic database for the experimental sequences. Mainly, the collected meteorological database contained the solar radiation (global, direct and diffuse, on a horizontal plane), the wind speed and direction, the air temperature and the exterior relative humidity rate. These data were used by the building simulation code to predict the building thermal behavior. 
We note that temperatures for the floor are used as boundary conditions (imposed to measured value) for the corresponding nodes because this part of the building requires a 2D model discretization.
In our case, modeling with one dimensional was made. That's why the floor temperature was supposed known and given by the experimental data.
Evaluation of the thermal impact
To evaluate the thermal impact of PCMs on the test cell, a comparison between numerical solutions without PCM and the measurements with PCM is made. As depicted in figure 5 , the inside air temperature without PCM is more higher than the inside air temperature with PCM. The difference between two temperatures reaches a maximum of 2.4°C. Furthermore, the presence of PCMs implies a delay in the temperature rise. This is justified by the increase of the thermal inertia of the roof through the storage and release of energy. So, the thermal behaviour of PCMs allows to reduce the amplitude of temperatures between minimal and values. This result is interesting because it illustrates the contribution of the PCM to improve the thermal comfort within the test cell. These first results confirm our expectations of the added insulation effect by using PCMs.
Figure 5: Thermal impact of PCM on the inside air temperature of the building
However, these results must be completed with other experimental studies in order to definitely confirm the use of these materials at Reunion Island. Indeed, to experimentally validate our results, two same real physical building should be erected, one with PCM and another one without PCM. A preliminary study can be made before, by using numerical simulations with ISOLAB code in order to determine the optimal configuration. For this, the numerical thermal model of PCMs must be validated with experimental data.
Comparison between numerical simulation and experimental data
The first step consists in comparing the numerical model with experimental data by using the different parameters from literature in order to approach the real parameters values. These values have already been discussed in detail [9] .
For instance and as represented on figure 6, despite the good dynamic behavior predicted by numerical simulations, there are some differences between the model and the measurements from the experimentation. Furthermore, the validation criteria, as mentioned above, are not respected. Another very interesting result is the prediction of inside air of the test cell. As depicted on figure   6 (d), we can see that the proposed model is able to predict the measurements with a precision of 1°C.
However, we can again notice that the criterion is not respected, but the thermal model is in agreement with the expected results.
To explain origins of errors, a sensitivity analysis was made and the unknown parameters were identified [1, 9, 12].
Sensitivity analysis
As mentioned in the step one, some errors between numerical simulation and experimental data was noticed. It is important to determinate origins of errors (parameter error or modeling error ?), and that's why a study of the most important parameters influencing the model results was conducted [1] .
The sensitivity analysis highlighted the parameters that are responsible of errors between measurements and predictions.
The sensitivity analysis is based on the FAST (Fast Fourier Amplitude Transform) method, and allows determining the most influential parameters on one or several outputs from a model for variations of the parameters around some base value. By using a sinusoidal sample, all parameters vary around their base values. For more details, the interested reader can refer to [1, 12, 15, 16] . To sum up and as shown on figure 7 , the general procedure can be described as follows : a frequency is attributed to each parameter; from a simulation to another and for a given number of simulations, each parameter is changed according to a sinusoidal variation around a based value. All results of each simulations is saved as a large matrix. By doing a Fourier analysis on the final matrix, the most influent parameters can be determined by reading their frequency, which appear like peaks on the spectrum. To evaluate the most influent parameters of the proposed model, it is convenient to define the variation intervals for the different parameters. Usually, this variation is given as a percentage variation around a base value. In this paper, a variation between 10% and 50% was applied on all parameters of the PCM model and the building (geometrical, convective and radiation coefficients, thermo-physical properties of PCM panel and others building envelopes materials), representing a total of 228 parameters. However, the method requires more than twice the number of parameters in simulations, thus 456 simulations were necessary.
The analysis is presented for the first three days of measurements in order to not overload the graph. As an example, based on the Fourier spectrum, figure 8 illustrates the parameters that were identified as the most influential parameters on the air-gap temperature (see Table 4 ). All parameters must not be optimized because their value are known. In fact, all geometrical properties of each building wall has been measured such as plasterboard surface for example. In addition to these parameters and for all layers of the complex roof, all convective exchange coefficients on both sides of the complex roof and the γ coefficient were identified. Among these parameters, the most important parameters are the absorptivity and exterior convective exchange coefficient of the metal sheet. With reference to the outside surface temperature of the PCM panel, thermo-physical properties such as latent heat, melting temperature, solid heat capacity and solid heat density and the γ coefficient were identified as most influential parameters. However, except the γ coefficient, others parameters are given by DSC analysis.
To summarize, the parameters that have to be optimized to predict the thermal temperature of roof components are given in Table 5 : These results were expected because all convective exchange coefficients were not well known and values chosen from the literature. They were identified as influential because the suspended ceiling is in contact with the air layer. , A natural convection transfer is thus set up because the test cell is kept closed and the air layer is non-ventilated. The value of absorptivity coefficient of the metal sheet from [2] must be determined because the thermal performances have changed. By using a constant value for the outdoor convective exchange coefficient, the given result as also expected. Indeed, as the wind speed was not taken into account, the prediction of temperature field of corrugated iron led to errors between numerical solutions and measurements. coefficient has been chosen arbitrary and plays an important role on the derivative gradient of the solid fraction. coefficient can thus be physically interpreted as a non-dimensional velocity of phase change, because the maximal value of this parameter is low. Indeed and according to the theory, the phase change process occurs for very small velocity that corresponds to γ value.
However, to improve the model it is necessary to evaluate the unknown parameters that influence the thermal model and that was identified by the sensitivity analysis. To definitely validate the model three steps will be required corresponding to :
1. an optimization sequence to determinate the unknown parameters;
2. confront the optimized model with measurements for the chosen experimental sequence;
3. confront the optimized model with measurements for another experimental sequence;
These steps will be presented in a coming paper.
Conclusion and further work
The aim of this article was to provide reliable experimental data in order to validate a new generic thermal model of PCMs in building. An actual size test cell was used to measure the multi layer temperatures of the complex roof and the inside air temperature in field conditions. A detailed investigation has been carried out to evaluate the efficiency of the thermal behaviour of the model, with important steps included in experimental validation.
A mathematical model was presented, based on a nodal description of the complex wall and solved using finite difference in one-dimension. In order to validate the numerical model, two steps of validation were presented. The first step consists in comparing the thermal model with experimental data and the second one to made a sensitivity analysis sequence. In the first step, the results show that the validation criteria was not respected. However, errors between theory and experimental could be minimized and that's why it is necessary to identified the most important parameters that influence the mode results.
Through a sensitivity analysis, the most influent parameters have been identified and allowed to explain the difference between predictions and measurements. Mainly, these parameters are convective exchange coefficients and a specific parameter of PCM model. It has been proved that this γ coefficient plays an important role in the predictions and should be chosen precisely. Therefore, if the heat apparent capacity method is used, it is important to study this parameter.
The results presented in this article are very promising. To improve and validate the thermal model, other steps must be run. These important steps will be presented in a coming paper.
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